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Abstract 
 
Diverse reasons like the decrease of fossil fuel reserves or CO2  reduction are the motivation of intensive research 
about alternatives for example bioethanol production from biomass, called second generation bioethanol. 
Wheat straw (Triticum vulgare), rye straw (Secale cereal), oat straw (Avena sativa) and corn stover (Zea mays) were 
tested for their potential for bioethanol production. The biomass was pretreated, hydrolysed and fermented. The 
practical and theoretical ethanol yield of each substrate was determined. About 472,000 tons of bioethanol can be 
produced from these substrates giving the possibility to replace about more than one third of the consumed gasoline 
in Austria. 
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1. Introduction 
 
Biomass like wheat, rye, oat straw as well as corn stover is composed of three major components – 
cellulose (homopolymer of glucose), hemicellulose (heteropolymer of mainly xylose, arabinose, glucose, 
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galactose, mannose) and lignin (aromatic polymer). The bioethanol production from lignocellulose can 
avoid conflicts between food and industrial uses of crops and the discussion food versus fuel [1]. 
The global potential of the bioethanol production from crop residues was already calculated in year 
2004. Here about 442 GL bioethanol can be produced from crop residues if 40% of the biomass was 
harvested from fields. The potential bioethanol production can replace about 29% of the total gasoline 
consumption worldwide [2]. Similar calculation exists from other studies - whereupon here the usage of 
crop residues for biofuel production was critical considered [3] [4]. In Canada about 13.7 % of 
transportation fuel demand can be replaced by bioethanol produced from agricultural and forest residues. 
Bioethanol production from these substrates can provide only 5.2 % of US fuel demand [5]. Detailed data 
about the potential bioethanol production with the current straw yield are not available for Austria. 
The bioethanol process consists of several steps: milling, pretreatment, enzymatic hydrolysis, 
fermentation with yeast and distillation (see Fig. 1). A pretreatment is essential to open the compact 
structure of the biomass and improves the enzymatic digestibility. Steam explosion as pretreatment is 
already well established. At this process the shredded biomass is heated using high-pressure steam for 
several minutes. Then a sudden decompression to atmospheric pressure is applied. Diverse factors like 
temperature, holding time, moisture content and particle size determine the efficiency of this pretreatment. 
The autolysis effects diverse chemical reactions, the hemicellulose components are partial/complete 
dissolved and the lignin is transformed. At more drastic pretreatment conditions the sugars are converted 
into volatile gas effecting an increasing loss of mass [6]. 
After pretreatment cellulose is hydrolysed to glucose by synergistic acting enzymes, endo-glucanase, 
exo-glucanase and ȕ-glucosidase. The hydrolysis yield is influenced by various factors: temperature and 
pH value of the reaction, substrate concentration and mixing rate. High lignin concentration leads to 
unspecific binding of the enzyme and reduced hydrolysis rate and can be avoided through an efficient 
pretreatment method. High cellobiose concentration causes end-product inhibition of ȕ-glucosidase, 
whereas glucose inhibits both endo-glucanases and exo-glucanases. Fermentation of the saccharified 
biomass can be performed with diverse microorganisms. For industrial ethanol production mainly yeast is 
used for fermentation of glucose. Genetic engineered yeast was developed for fermentation of both sugars, 
glucose and xylose [1] [7]. 
 
 
 
 
Fig. 1: Bioethanol production process 
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In this study four different substrates were pretreated by means of steam explosion, hydrolysed with 
commercial available enzyme and fermented with commercially available yeast. The mass balance from 
each step was determined – for example the mass loss during steam explosion and drying and the amount 
of liquid and solid after hydrolysis and fermentation was measured. Then the theoretical and practical 
ethanol yield from each substrate was determined and the annual available ethanol yield was calculated. 
 
2. Material und Methods 
 
2.1. Raw Material 
 
Different substrates like wheat (Triticum vulgare), rye (Secale cereale)), oat straw (Avena sativa) 
and corn stover (Zea mays) were achieved from diverse local producers in Austria. 
Before pretreatment each air-dried substrate was milled with a garden shredder (Viking GE 260, 
Kufstein, Austria) to a length of 2-3 cm and was stored at room temperature. The dry content of each 
substrate was 91 %. 
 
2.2. Steam Explosion Pretreatment 
 
The pretreatment was performed in a laboratory scale Steam Explosion unit (VAM GmbH & Co KG, 
Linz, Austria) after presoaking with water for 15 minutes in a ratio 1:1 at room temperature. The substrate 
was filled in the decomposition reactor, closed and heated under pressure by a jacket heating up and 
saturated steam generated from a high voltage steam generator was injected. After 10 or 20 minutes 
retention time the pressure was released suddenly by opening the ball valve, and the substrate was 
catapulted to the collecting and steam expansion vessel. Each substrate was tested at different conditions 
at temperatures ranging from 190°C up to 200°C and different retention times of 10 and 20 minutes (see 
Table 4). The exploded substrate was dried at 40°C to a moisture content of about 5 % and the mass loss 
during the pretreatment was determined gravimetrically. 
 
 
2.3. Enzymatic Hydrolysis and Fermentation 
 
Enzymatic hydrolysis was carried out to investigate the practical sugar yield (glucose and xylose). 
Therefore 11.1 % dry matter pretreated straw was dissolved in citrate buffer (c = 0.05 mol L-1, pH = 5, 
adjusted with 4 mol L-1 NaOH) in a standard laboratory bottle and enzyme Accellerase 1500 (Genencor, 
-1 -1 Rochester, New York, USA, 0.3 mL gDS with an activity of 47 FPU mL ). All hydrolysis were 
performed at 50°C for 96 h in a shaking incubator. Probes were taken for analysis every 24 hours (see 
2.4). Four hydrolysis reactions were performed: two for the mass balance and two for the fermentation. 
The probes for the mass balance were filtered by vacuum filtration using a Buchner funnel (Filter 
paper MN 640 m, Düren, Germany) and the liquid and solid fractions were determined. The content of 
cellulose, hemicellulose and lignin from the solid fraction was evaluated with acid hydrolysis (according 
NREL LAP-002). 
Diverse salts were added for fermentation: 2.86 g L-1 KH2PO4, 3.00 g L-1 CaCl2 2H2O, 1.50 MgSO4 
7 H2O and 4.40 g L-1 (NH4)2HPO4. The pH was adjusted with 4 mol L-1 H2SO4 to 4.6 and Saccharomyces 
cerevisiae with a cell number of 1.77 x 109 mL-1 was added. The bottle was closed with an air lock and 
incubated for 168 h at 30°C in a shaking incubator. After fermentation again the liquid and solid fractions 
were determined like already described. 
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2.4. Analytical Methods 
 
The dry matter was determined with a moisture analyzer (Ohaus, MB 45, Parsippany, USA). Each 
substrate (before and after pretreatment), the solid fractions after hydrolysis and fermentation were 
analysed with acid hydrolysis (according NREL LAP-002). The liquid fractions (sugars, organic acids, 
ethanol and furans) were characterised with high performance liquid chromatography (HPLC). An 
Agilent Technologies 1,200 System was used with a Varian Metacarb 87 H column at 65 °C with H2SO4 
(c = 0.05mol L-1) as eluent and a flow rate of 0.8 ml min-1. For detection, an UV detector at 210 nm and a 
RI detector were used. 
 
 
3. Results and Discussion 
 
Diverse substrates available in Austria and worldwide were characterised concerning their possible 
practical and theoretical ethanol yield. Therefore the mass loss after steam explosion pretreatment, sugar 
and ethanol yields after enzymatic hydrolysis and fermentation were determined. 
 
3.1. Results for wheat straw 
 
Two issues were important for the calculation of the ethanol yield: the removal of the hemicellulose 
and the loss of mass during the steam explosion. During steam explosion hemicellulose solubilises in the 
aqueous phase but can degrade at higher severity condition [6]. Diverse conditions during the steam 
explosion were tested for each substrate (data not shown) and the optimal pretreated substrate was studied 
in detail. 
The content of glucose and xylose were determined with acid hydrolysis (according the NREL method 
LAP-002) and the loss of mass with gravimetry. At higher temperature the content of xylose decreases 
and the loss of mass increases due to degradation of hemicellulose. Here the detailed data from wheat 
straw were shown in Table 1 and Table 2. The detailed results of the other substrate were similar – but not 
shown. 
 
Table 1 Content of cellulose and hemicellulose from untreated and pretreated wheat straw 
 
 Glucose [%] Xylose [%] 
Untreated wheat straw 39 23 
200 °C/20 min 47 11 
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Both the overall content of glucose and xylose decreased when the loss of mass was considered for the 
mass balance. The loss of mass of each tested substrate was determined and considered for the mass 
balance (data not shown). The effects of steam explosion were already described in several studies [6] [8]. 
At steam explosion condition (193 °C for 2 minutes) 15 % of the mass was lost [6]. 
 
 
Table 2 Mass loss from untreated and different pretreated wheat straw 
 
Loss in mass [g kg1 
untreated straw] 
Glucose [g kg-1] Xylose [g kg-1] 
Untreated wheat straw 0 389 227 
200°C/20 min 240 359 83 
 
 
3.2. Straw yield in Austria 2011 
 
Data of area and grain yield of each tested substrate were elevated from Statistics Austria [9]. 
Furthermore the data about the ratio fruit/straw were taken from two sources [10] [11] (Table 3). The 
ratio fruit/straw of each substrate agrees with other studies [3]. 
For example oat straw is produced at a rate of 1.1 dry kg per dry kg of oat (Table 3).The annual straw 
yield was calculated with these data (Table 3). 
 
Table 3. Area, grain and straw yield in Austria in 2011 
 
Substrate Area [ha] Yield [t] Ratio 
fruit/straw 
Straw yield [t] 
Oat 25,029 109,807 1:1.1 120,788 
Corn 217,100 2,453,133 1:1 2,453,133 
Rye 45,945 202,002 1:0.9 181,802 
Wheat 304,334 1,781,837 1:0.8 1,425,470 
 
The highest amount of straw was calculated from corn and wheat - about 2,453,133 tons corn stover 
and 1,425,470 tons wheat straw were available in Austria. In summary about 4,181,193 tons straw was 
harvested from the four tested substrates in year 2011. 
 
 
3.3. Calculation of the bioethanol yield from diverse substrate in Austria 2011 
 
Each substrate was pretreated with steam explosion at the optimal temperature and retention time. The 
dry substrate was hydrolysed with enzyme and the glucose was fermented by yeast to bioethanol. The 
practical ethanol yield is based on this data. The cellulose content of each substrate was determined with 
acid hydrolysis and the theoretical ethanol yield was calculated. The results of the practical and theoretical 
ethanol yield were shown in Table 4. The theoretical ethanol yields range from 240 kg up to 273 kg per 
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ton substrate with the best yield for rye straw. The highest practical ethanol yield was also achieved with 
rye straw with 169 kg per ton substrate. The same theoretical ethanol yield was calculated for example of 
wheat straw [12]. 
The yield (in percent, shown in Table 4) is the quotient between the theoretical and practical ethanol 
yield and indicates the further challenges of the process. Unspecific binding of the enzyme to the lignin 
reduce the availableness of the enzyme. Furthermore product inhibition due to high glucose concentration 
decreases the activity of ȕ-Glucosidase [1] [7]. Diverse improvements, for example, the removal of lignin, 
are necessary to reach the theoretical ethanol yield. 
 
Table 4. Ethanol yield of different crops at optimal pretreatment conditions 
 
Substrate Condition Ethanol [kg] 
theoretical 
Ethanol [kg] 
practical 
Yield [%] 
Oat straw 200°C, 20 min 256 141 55 
Corn stover 200°C, 10 min 243 96 40 
Rye straw 200°C, 20 min 273 169 61 
Wheat straw 200°C, 20 min 240 124 52 
 
The overall ethanol yield from the tested substrate was calculated with the theoretical ethanol yield and 
only half of the available substrate. The other half of the substrate should be left on fields for fertilisation 
to avoid carbon loss in the soil. Otherwise a full utilisation may rise soil erosion and decrease soil organic 
matter [13]. The annual ethanol yield per substrate and the total amount in Austria is presented in Table 5. 
 
Table 5. Ethanol yield of different crops on Austria 
 
Substrate Straw p.a. [t] Ethanol [kg] 
theoretical 
Ethanol[t/a] 
Oat straw 60,394 228 13,770 
Corn stover 1,226,566 216 264,938 
Rye straw 90901 243 22,362 
Wheat straw 712735 240 171,056 
Total   472,126 
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Overall 472,126 tons bioethanol can be produced from the four tested substrates per year in Austria. 
According to the Economic Camber in Austria 1,800,000 tons of gasoline was consumed. The production 
of bioethanol from four tested substrates could replace about 26 % of the consumed gasoline and 6 % of 
the total fuel demand in Austria. As a result, in Austria all the bioethanol needed for E10 can easily be 
provided using about one third of the available straw. Similar data were calculated for the US bioethanol 
market from lignocellulose like agricultural and forest residues [3]. 
 
3.4. Calculation of bioethanol potential worldwide 
 
The available area worldwide in 2011 was shown in Table 6 [14]. Worldwide are 135 x 106 km2 total 
area are available and 14 x 106 km2 are used as farmland (Table 6). 
 
Table 6. Available area worldwide 
 
Mill. Km2 World Africa Asia America Europe 
(inclusive 
Russia) 
Oceania 
Total Area 135 30 32 41 23 0.9 
Land Area 130 29 31 39 22 0.8 
Agricultural Area 49 12 16 12.5 5 0.5 
Farmland 14 2 5 4 3 0.05 
Grassland 34 9 11 8 2 0.3 
Fallow land 0.7 0.1 0.5 0.1 0.1 <0.1 
Forest areas 40 7 6 16 10 0.2 
 
The farmland (marked red in Table 6) is used for the calculation of the possible worldwide amount of 
bioethanol production from lignocellulose. Moreover the potential of possible lignocellulosic bioethanol 
production and the substitution of fossil fuel due to this production are determined (Table 7). 
 
 
Table 7. EtOH yield from straw worldwide and the potential of substitution of fossil fuel 
 
Utilization    rate 
of straw 
Straw [Mill t/a] EtOH [Mill t/a] Oil equivalent 
[Mio t/] 
Substitution    of 
fossil fuel [%] 
15% 342 84 54 10 
25% 571 140 90 16 
50% 1,142 280 179 33 
75% 1,712 420 269 49 
100% 2,283 560 358 65 
 
Worldwide overall 2,3 billon tons straw are available – other studies worked with similar data [3]. At 
an utilization rate of 15 % of the worldwide available straw 10 % of fossil fuel can be replaced and 
therefore  enable  E10  from  lignocellulosic  substrates  (marked  red  in  Table  6). The recommended 
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utilisation rate of 50 % can produce 280 million tons bioethanol and substitute 33 % of the fossil fuel. Our 
data are consistent with previous data from 2004 [2] [15]. 
The annual yield from mainly corn, rice and wheat increased since 1980 due to better crop yield per 
hectare. The exact data from diverse crops from 1980 up to 2009 are shown in Figure 2. 
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Barley  Wheat  Rye  Triticale Oat  Corn  Rice  Total 
1980  156  440  25  0 41  396  396  1454 
1990  178  592  38  4 40  483  519  1854 
2000  133  586  20  9 26  592  599  1966 
2009  152  686  18  16  23  819  685  2399 
 
Fig. 2: The grain production from 1980 up to 2009. 
 
Obviously the crop yield per hectare has been improved due better knowledge about agricultural issues 
like watering, fertilization, harvesting, development of the plants etc worldwide. 
Therefore the worldwide bioethanol production potential from lignocellulose is calculated with the 
assumption that the straw worldwide can be produced at European grain production rates. Table 8 
illustrates the possible available straw yield worldwide, the potential bioethanol production and the 
substitution of fossil fuel. 
 
Table 8 . EtOH yield from straw worldwide at European grain production rates 
 
Utilisation  rate  of 
straw 
Straw [Mill t/a] Ethanol [Mill t/a] Oil equivalent 
[Mio t/] 
Substitution of 
fossil fuel [%] 
9% 357 87 56 10 
25% 992 243 156 28 
50% 1,983 486 311 56 
75% 2,975 729 467 84 
100% 3,972 972 622 112 
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With improved grain production already 87 million tons bioethanol can be produced from only 9 % of 
the straw worldwide available. This bioethanol amount can substitute 10 % of the used worldwide fossil 
fuel (marked in red). The removal of 50 % straw from field enables the production of 486 million tons 
bioethanol annually and can replace 56 % of the worldwide used fossil fuel. 
 
 
 
 
4. Conclusion 
 
In conclusion, the technology for bioethanol production from straw is available and the first production 
plant (50.000 tons per year) is in operation in Italy since one year. Bioethanol production from straw can 
replace a large part of fossil fuel. The exact data in Austria and worldwide was calculated in this study. 
The usage of the recommended 50 % of four tested substrates enables bioethanol production of about 
472,126 tons per year. This amount can replace about 26 % of the consumed gasoline in Austria and 
permit the production of E10 from lignocellulose. 
The usage of 15 % of the worldwide available straw could replace 10 % of the used fossil fuels. If the 
European grain productivity can be achieved worldwide, 9 % of the straw has to be used for a replacement 
of 10 % of the world fuel demands. 
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